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Résumé 
Cet article présente une analyse tridimensionnelle et non linéaire du comportement d’un tunnel en 
terrain meuble soumis à des sollicitations sismiques. L’originalité du travail porte sur la prise en 
compte du creusement du tunnel dans la définition de l’état des contraintes du sol avant séisme. Pour 
cela, le creusement de tunnel a été simulé dans un premier temps selon une procédure basée sur la 
technique du creusement au bouclier mécanisé à front pressurisé. Dan un second temps, une 
sollicitation sismique est appliquée à l’ouvrage. Le travail est réalisé en condition tridimensionnelle 
basée sur la méthode des différences finies (FLAC3D). Les résultats étudiés concernent 
les forces internes induites dans le revêtement du tunnel (effort normal, moment fléchissant et effort 
tranchant) et le tassement à la surface du sol. Les résultats sont confrontés à des modèles analytiques 
issus de la littérature. 
 
Abstract 
This paper presents a tree-dimensional and nonlinear analysis behavior of a tunnel in soft 
soil subjected to seismic loading. The originality of the research is about the inclusion of the 
tunnel excavation in definition of the stress state of the soil before the earthquake. For that, 
tunnel excavation was effected first for generated initial state of soil, after that, the model 
was subjected to a seismic solicitation. This analysis uses a three-dimensional explicit finite-
difference program (FLAC3D). The results concern the internal forces induced in the tunnel 
lining (thrust, bending moment and shear force) and the settlement at the ground surface. The 
results show good agreements with the analytical solutions exist. 
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1. Introduction  
Underground structures experience a lower rate of damage due to earthquake waves 
comparing to surface structures. Nevertheless, several examples of recorded damage to 
underground structures during recent earthquakes propose a deeper consideration of seismic 
forces in the original design. For example, the collapse of Daikai subway in Kobe (Japon) in 
1995, the damages of highway tunnels in central Taiwan in 1999 and the collapse of the Bolu 
tunnel in Turkey in 1999 [1]. 
Closed-form analytical solutions have been proposed to predict the internal forces (thrust, 
bending moment and shear force) in the circular tunnel lining [2, 3, 4, 5]. These solutions 
based on pseudo-static 2D schemes are limited to elastic behavior. It is well known that the 
soil material exhibits non linear and irreversible behavior, even at low deformations. Under 
severe earthquake loading, the seismic response of tunnel may be significantly affected by the 
soil non linearity. This paper presents a 3D finite difference modeling in order to evaluate the 
influence of non linearity on the seismic induced response of tunnel embedded in soft soils. In 
particular, it provides valuable information about the influence of excavation on the overall 
tunnel seismic response. The Excavation phase is followed by a perturbation in the stress 
distribution adjacent to the tunnel due to mechanical disturbance during construction and/or 
disturbance of the stress field [6, 7, 8]. The tunnel lining is modeled by shell elements 
embedded in non linear soil. The analysis is conducted using the simple and popular non 
associated Mohr-Coulomb criterion for the soil. Solutions for internal forces are presented for 
the case of no slip at the lining-ground interface. After a brief review on the closed form 
analytical solution proposed in the literature, results of 3D numerical modeling are compared 
to analytical solution in the elastic case. Numerical simulations are then successfully 
conducted to analyze the effect of excavation on the seismic induced response of soil-tunnel 
system. 
2.  Tunnel response under seismic loading- Analytical solution 
Many authors attempt to derive closed-form analytical solutions for thrust and bending 
moment in a circular tunnel lining due to seismic-induced ovaling deformation assuming a 
non slip interface condition. A circular tunnel was considered by Penzien [3] of radius R 
located sufficiently below the ground surface and subjected to a seismic loading by shear 
waves (figure 1). The induced shear stress is  
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In this case, the average free-field shear strain of the soil over this depth is given by the approximate 
relation: 
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Where (-R,tc), u(R,tc) are the horizontal free-field ground displacements with depth –R, R 
and time tc denotes for the time from which is produced the maximum shear deformation of 
the soil. 
 
FIG. 1 - Seismic shear loading and equivalent static loading, Penzien [3] 
The stiffness of a tunnel relative to the surrounding ground is quantified by the compressibility and 
flexibility ratios (C and F) which represent the extensional and flexural stiffness respectively [9]. 
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Where, El, νl, Il, Al are the Young’s modulus, Poisson’s ratio, moment of inertia and cross-
sectional area of the lining, respectively. Es, s are the Young’s modulus, Poisson’s ratio of 
the soil, respectively 
By considering a 2D pseudo-static model, Wang [2] derive a closed-form analytical solution 
to compute the thrust and bending moment in the tunnel lining: 
T$  %KR τ cos2 -θ / π01                                                           (4) 
M$  % 3 KR
 τ cos2θ / π0                                                         (5) 
Where                                K  1 /
567

583696:;<!
=!<
                                        (6) 
 K  

5>!
                                                                    (7) 
3. Numerical modeling of shallow tunnel under seismic loading 
Figure 2 presents the problem under consideration. It consists in a tunnel embedded in soft 
soil underlined by a rigid bed rock. The tunnel has an excavation diameter of 9m and a lining 
thickness t = 40cm. Its axis is located at H = 16m (about 1.8D) from the ground surface. The 
properties of the soil and tunnel lining are summarized in table 1. The 3D finite difference 
mesh defined in numerical calculation includes 18600 8-node elements, using FLAC3D code 
(Flac3d, 2005). The system geometry consists of x, y, z axes where the y axis is along the 
tunnel axis, the x axis is along the transversal direction and the z axis is along the vertical 
direction. Its dimensions (x = 126m, y = 90m, z = 40m) or respectively (14D, 10D, 4.5D) are 
chosen to ensure that its edges are undisturbed by stress or strain induced by excavation.  
 
FIG. 2 - Geometry of 3D soil-tunnel system 
 
The seismic loading of a duration 6.6sec is applied at the base of the soil mass as a harmonic 
acceleration üg=0.1g in the x direction with a frequency fload = 0.6 Hz which is close to the 
natural frequency of the soil f1= 0.474 Hz. Under seismic excitation, viscous adsorbing 
boundaries are used in order to avoid wave reflection. Rayleigh damping of 5% is used in the 
analyses to compensate the energy dissipation through the medium. When plasticity is 
considered, damping occurs mainly through hysteretic looping, Rayleigh damping is fixed at 
2%; the soil behavior is described using the non associated Mohr Coulomb criterion (Table 
1).  
The use of this model is justified by the difficulty to obtain constitutive parameters for more 
advanced constitutive relations including both isotropic and kinematic hardening. 
 
Table 1. Properties of soil and tunnel lining 
Material E(MPa) ν γ (KN/m3) φ (°) ψ (°) C (KPa) 
Soil 30 0.3 20 35 5 7 
lining 35000 0.25     
 
Model Validation 
Figure 3 shows the distribution of the internal forces in the tunnel lining ; the thrust N, the 
bending moment M and the shear force Q resulting from the finite difference dynamic 
analysis. These results are reported as a function of the angle Θ (defined in figure 3) and 
compared with the analytical solution of Wang for thrust and bending moment. Results show 
a good agreement between two approaches. According to result, the maximum thrust is Nmax = 
649 KN located at Θ = ± 45°, the same for the maximum bending moment Mmax = 705 KN.m, 
the maximum shear force is Qmax = 584 KN located at Θ = ± 90.  
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FIG. 4 - Distribution of the seismic induced internal forces in the tunnel lining  
4. Non linear analysis – Influence of Excavation 
4.1 Excavation procedure 
Numerical simulations aim to simulate a TBM tunneling process model, with pressure at the 
tunnel face, based on the convergence-confinement method proposed by Mroueh [10] with 
two release parameters: αdec and Ldec, which stand for the partial stress release and the length 
of the unlined zone, respectively ( figure 4). 
 
 
 
 
 
 
 
 
 
 
FIG. 5 - Methodology of excavation, Mroueh [10] 
The tunnel excavation consists of 30 fractions, representing the excavation of 30 trenches 
with a length Ldec = D/3 = 3m for every trench and the following parameters: 
- Rate of preconfinement αdec = 0.5. 
- Length of the unsupported area Ldec = 3m.    
4.2 Results and discussion 
In order to examine the effect of excavation on the seismic induced response of tunnel. Non 
linear analyses are carried out for two cases with and without excavation. Results of non 
linear analyses are compared to elastic analysis  
The diffusion of plasticity is compared for two cases: tunnel in place (TIP) and tunnel 
excavation modeled (TIM). The results show that the diffusion of plasticity is directly related 
to the initial state of the soil (taking or not in consideration the effect of excavation). Figure 5 
shows the distribution of plasticity subsequent to seismic loading. The excavation leads to an 
amplification of plasticity in the soil mass. 
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FIG. 5 - Diffusion of plasticity after dynamic loads (a) TIM calculation (b) TIP calculation 
The seismic induced internal forces in the tunnel lining are illustrated in figure 6. Regarding 
the thrust force, the traction force increases about 21% for the elastoplastic model in 
comparison with elastic model for tunnel TIP, while the compression force decreases about 
13%. For tunnel TIM, it’s the opposite, the traction force decreases for 28% for the 
elastoplastic model in comparison with elastic one and the compression force increases for 
42%. 
 
 
 
 
 
 
 
 
FIG. 6 - Comparison between elastic and Mohr-Coulomb models for tunnel response under dynamic 
loads, using Flac3d. 
On the other hand, the maximum bending moment obtained with non linear analysis is 24 % 
greater than that obtained in elastic analysis. However, the influence of excavation is not 
significant as for the thrust force. Concerning the maximum shear force obtained with 
elastoplastic model is about 22% larger of than that of elastic model for an excavated tunnel, 
and 30% larger in comparison between elastic and elastoplastic for a tunnel without taking 
into consideration the effect of excavation. Concerning the distribution of the internal forces, 
Figure 6 shows an important difference between the two models. For thrust force, the 
difference between the elastic and Mohr-coulomb models for tunnel with taking into 
consideration the effect of excavation is about 44%, and for the same tunnel without taking 
into consideration the effect of excavation. An important issue that should not be neglected in 
soil tunnel interaction is the resultant settlement induced at the surface that could be very 
detrimental to the existing structures. Elastic analysis is inadequate to determine the induced 
settlement as shown in figure 7. For example, at the tunnel axis, settlement in the elastic 
model is zero which is not realistic. Non linear analysis shows 3 cm for tunnel when taking in 
account the excavation process. Neglecting this effect leads to a significant overestimation of 
the settlement about 100 % (6 cm).  
 Elastic 
 Elasto-plastic TIM 
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 FIG. 7 - Vertical displacement on the ground surface due to dynamic loads 
Conclusion 
This paper presented a 3D numerical analysis to evaluate the influence of excavation 
process on the soil-tunnel interaction under the seismic loads in soil nonlinear. This 
issue requires a non linear analysis since the excavation induces a perturbation in the 
stress distribution adjacent to the tunnel. The obtained results show that elastic 
analysis is not sufficient to determine the seismic induced response of soil-tunnel 
system. The influence of tunnel installation should be integrated in the model and 
lead to a more realistic estimation of the seismic induced thrust force in the tunnel 
lining and the surface settlement. 
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